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Abstract 
Forest ecosystems in the Shenandoah Valley of Virginia are not directly exposed 
to major sources of Hg contamination. Rockingham Co was assumed to be suitable as a 
low-level control in comparison with sites exposed to major industrial contamination in 
Waynesboro VA for studies in the late 1900’s. Subsequently the presence of low level Hg 
from background sources has been demonstrated. This study was conducted from 2014-
2016 and expanded from two sites in to four sites in 2016. A composite air index, soil, 
and decaying organic material “duff” were analyzed for total THg concentrations using a 
Perkin Elmer Flow Injection Spectrophotometer dedicated to Hg analysis. The samples 
were digested in hot concentrated nitric and sulfuric acid. The results demonstrated a 
detectable amount of THg was present within the various samples with extensive 
variability. This prompted the question of whether there is an ambient level of mercury 
in terrestrial ecosystems which are not associated with demonstrated contamination. 
An extensive literature search aggregated THg values from control sites used in a variety 
of studies. Comparing the findings with the Rockingham Co. sites indicated that the Hg 
presence is below the global average for control locations, yet remains detectable. None 
of the concentrations attained at these sites are great enough to be considered a health 
hazard. Annual sampling is needed to provide longitudinal data to account for seasonal 
variation and identify long term trends. 
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Introduction 
 The focus of this research project for the past three years has been on collecting 
and analyzing the mercury content of terrestrial macro invertebrates and habitat 
components. The goal was to characterize total mercury (THg) presence in forest 
ecosystems which appear to have only background exposure to the pollutant.  This 
analysis would be based on the collection of environmental and trophic level mercury 
concentrations. The project question was originally formulated due to the detection of 
mercury in Rockingham County, a seemingly uncontaminated region, when 
Harrisonburg was selected as a control site for other studies.  The James Madison 
University Terrestrial Mercury Research Group carried out various projects focused on 
the bioaccumulation of mercury on the South River in Waynesboro VA, a known 
contaminated region.  Rockingham Co. fit various criteria for being a control due to its 
lack of anthropogenic mercury pollution. (Cocking, 1996)    In one of these studies, a  
low level of mercury was detected in air deposition samplers and produced the 
questions;  is there an unknown source of mercury pollution? Or is there an ambient 
level of mercury everywhere? Thinking on a larger scale, is this detectable presence of 
mercury of threat to higher trophic level organisms such as humans? Therefore, the 
examination of the background presence of mercury in the environment is essential in 
our broader assessment of human safety. Knowledge of where, and how mercury is 
accumulating in the trophic system is necessary in controlling the spread of this well-
known toxin. Using macro-invertebrate mercury content as an indicator of background 
concentration can help us predict mercury accumulation.  The short-term focus of the 
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current research has been on differentiating concentrations of mercury between various 
resident invertebrate communities. Studying the differences in mercury concentration 
between species and understanding what causes these patterns will provide key 
information in the prevention of human exposure to mercury. Finally, the long-term 
goal of this research has been to collect successive years of soil, air deposition, and 
macro invertebrate samples and analyze them for mercury in order to determine the 
ambient present of mercury in a seemingly uncontaminated region.  
 In order to complete this goal, targeted field work started in the summer of 2014 
with a focus on collecting macro invertebrates, soil and duff, and air deposition samples. 
Starting with two field locations, we soon expanded to a total of four sites within 
Rockingham County with a goal of finding a location that could function as a “no 
mercury” control.  Field work was completed November 2016 with laboratory 
processing and analysis completed in early 2017 without finding evidence of a ‘zero’ 
contamination location.  This was a collaborative project with a group of individuals 
contributing to the total data set.  The research team over the years has consisted of 
many undergraduate and graduate James Madison University students with the current 
team including Gregory Mansour, Gail Moruza, Melissa Encinias, Walker Webster, 
Matthew Riordan, and Cody Cubbage.   
Project Hypothesis  
The overall null hypothesis for the various components of this research is that 
there will not be a significant difference in Hg concentration at the four study sites or in 
comparison to concentrations found in comparable samples at control sites reported in 
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the literature.  If rejected, then this will support the alternative hypothesis, that there is 
a difference in detectable THg presence between the various locations. They can also be 
compared to THg content in contaminated locations where it has already been 
demonstrated that a similar null hypothesis has been rejected. In addition to comparing 
the four sites, trophic levels will be compared. Therefore, the null hypothesis is that 
there will be no difference in mercury concentrations between trophic levels. If 
rejected, then the alternative must be accepted that there is a measurable difference in 
mercury concentrations between trophic levels. The other component of this research is 
the question of whether exposure to trace threshold levels of mercury in invertebrate 
food webs does or does not have a potential impact on human health. This is examined 
as a literature study and not through the current experimental study and will be 
included in the discussion.  
 
Background 
Sources of Mercury 
 Anthropogenic uses of mercury are the primary source of on-site and dispersed, 
deposition in the environment. These include electrical utilities, industry, incinerators, 
amalgamations from small scale gold mining, coal burning, and historical agricultural 
application in fungicides prior to mercury being eliminated from use in the United States 
in the mid-1900s.  Human industrial products that are a source of mercury include 
temperature detecting devices, batteries, and lighting devices (Snakhashiri, 2014).  
Mercury can also be released into the environment through paper pulp production, 
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waste management, and residential heating systems (Holmes et al, 2009). Natural 
sources of mercury include volcanoes, geologic mercury deposits, and the oceans (Bailey 
2014). 
States of Mercury 
  After mercury is released in the air, elemental mercury (Hg0 ) commonly travels 
in the airborne state as Hg0  vapor.  The other two oxidation states are Hg22+ mercurous 
mercury, and Hg 2+ mercuric (Snakhashiri, 2014). Other forms of Hg can be observed in 
water droplets as ions and in particulate matter (dust and aerosol). Both the mercurous 
and mercuric forms are readily converted to organic compounds, most notably methyl 
mercury. Bacteria that utilize SO4 are a common mechanism by which mercury is 
methylated to form the toxic methyl mercury (Mercury in the Environment 2000). 
Methyl mercury when exposed to UV light can be oxidized back to Hg0 and will reenter 
the atmosphere as a gas (Mercury in the Environment 2000). In short, it is part of a 
complex network of free and combined states.  The analysis carried out in this study 
with the Perkin Elmer FIMS involves using a reductant to convert all mercury to vapor 
which is analyzed with atomic absorption and therefore what we are measuring is total 
mercury (THg.)  
Atmospheric Mercury Deposition assessment 
 The federal and state agricultural departments jointly created the National 
Atmospheric Deposition program in 1977. The goal of this project was to routinely 
analyze air samples for various pollutants in order to provide a longitudinal report of the 
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environment. A portion of this program was focused on analyzing national mercury air 
deposition. Air samplers were established across the nation and routinely sample the air 
for periods of 6 days at a time. These data are aggregated and reported as ng THg/m2. 
They are especially useful for studying the longitudinal deposition of mercury with a 
goal of identifying either a positive, negative, or stabilized trend.  The two closest sites 
to Harrisonburg VA are the Culpeper sampling site (VA08), and the Shenandoah National 
Park-Big Meadows in Madison Co (VA28). These data can be related to the mercury 
deposition data collected at the four sample sites in the current study. The mean 
mercury deposition value for the Culpeper location over the span of 2002-06 was 0.0331 
µg/m2/day with a standard deviation of 0.0311 µg/m2/day. The mean mercury 
deposition value for the Madison site over the span of 2002-17 was 0.0306 µg/m2/day 
with a standard deviation of 0.0299 µg/m2/day. These two sites were not significantly 
different with a p-value of 0.482. It is evident that there are large fluctuations in THg 
deposition which could be dependent on meteorological patterns. Regression analysis 
yielded r2 < 0.01   (p-= 0.278 for Culpeper and 0.026 for Madison.)   Therefore, THg 
deposited from the air at both of these sites essentially remained unchanged over the 
study period.  (Figure 1)  
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Figure 1. Mercury deposition scatter plots created from the National Atmospheric 
Deposition Program data collection survey. The Culpeper mean mercury deposition 
value was 0.0331 µg/m2/day with a standard deviation of 0.0311 µg/m2/day. Regression 
analysis produced a p-value of 0.278 indicating no statistically significant relationship 
between time and mercury deposition. The Madison site average deposition value being 
0.0306 µg/m2/day with a standard deviation of 0.0299 µg/m2/day. Regression analysis 
produced a p-value of 0.026 indicating a potential relationship between time and 
mercury deposition, but it is not conclusive. These results indicate a stable mercury 
deposition rate at both sites. 
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Mercury Cycling 
 There are three major mercury cycles: aquatic annual seasonal, and the 
terrestrial mercury cycle. The aquatic mercury cycle is the most extensively studied due 
to the health implications of consuming contaminated fish. In addition, there has been 
extensive research on the aquatic cycle as a pathway into various bird species. It was 
found that mercury uptake in bird species resulted in thinner and more fragile shells 
(Wang et al, 2013). In addition, this study showed that mercury was being accumulated 
in birds through contaminated soil, water, and aquatic macroinvertebrates.  Mercury 
input to the aquatic system commonly comes from air deposition and runoff. Mercury 
exits ecosystems through volatilization or consumption of higher trophic, semiaquatic 
organisms (Figure 2).  
 
Figure 2. Engstrom 2007, model of aquatic mercury cycling. This figure depicts the input 
of mercury into the aquatic system coming from air deposition and stream runoff. 
Mercury exits this system by volatilization and or the accumulation in mobile 
semiaquatic species. 
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 Two patterns of mercury cycling have been identified in terrestrial settings as a 
result of comparisons between coniferous and deciduous forest structural stratification. 
Both systems receive input from the air deposition of mercury. However, due to the 
forest canopy structure, mercury throughfall is greater in coniferous forests compared 
to deciduous forests. Despite this, the rate of mercury volatilization is greater in the 
coniferous forests compared to the deciduous forests. Therefore, deciduous forests are 
more likely to accumulate mercury under the canopy through the cycling of mercury 
between the soil, duff, and litterfall (Demers et al, 2007). Within both these systems, 
the soil and duff are acting as a mercury reservoir which can then enter the terrestrial 
food web (Demers et al, 2007).   
 When studying macroinvertebrate mercury cycling, bioaccumulation and 
biomagnification are essential to understanding the movement of mercury. 
Bioaccumulation is the movement of a toxic material into an organism faster that it can 
be excreted or metabolized. Biomagnification refers to the trophic transfer of a toxic 
substance as one organism consumes multiple other contaminated species. Within the 
terrestrial ecosystem, mercury enters the cycle through the detritivores. Common 
detritivore points of entry are earthworms and carrion beetles. These species are then 
consumed by carnivores and omnivores and Hg accumulates up food chains. This type of 
terrestrial accumulation is especially dangerous for various bird species because 
elevated mercury levels have been shown to decrease the survival of their young (Cristol 
et al, 2008). Therefore, based on this principle, it is found that frequently predators and 
species at higher trophic levels will have greater mercury concentrations.  
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Health Implications 
 The ecological effect of methyl mercury has been both intense and widespread. 
Mercury functions as a neurotoxin which not only impairs motor skills, but also affects 
reproduction, hormonal balance, the immune system, and the enzymatic properties of 
an organism. Pre-natal infants are uniquely susceptible to the effects of methyl mercury. 
Exposure to methyl mercury in the first trimester can result in birth defects and delayed 
cognitive development (Kyrre et al, 2017). It has been identified that in contaminated 
regions of Asia, where consumption of rice containing mercury is responsible for more 
Hg accumulation than consumption of fish.  Additional routes of human exposure to 
mercury are through inhalation of vaporized mercury. which occurs often within artisan 
gold mining communities and when Hg is used in dental amalgams, or as mercurial 
preservatives in pharmaceuticals (Kyrre et al, 2017). 
  The most common route of human exposure to mercury is through 
contaminated wildlife. Specifically, in aquatic settings, mercury is transferred from lower 
trophic levels until it accumulates in fish, and shellfish. In 2010, the EPA released 3,176 
consumption warnings due to mercury contamination in aquatic settings (Environmental 
Topics, 2017). Understanding the presence of mercury in both the atmosphere and 
lower trophic levels, will help in addressing the broader goal of quantifying the health 
implications mercury has for the environment and humans. 
Current Regulations 
 The Environmental Protection Agency (EPA) has established regulatory 
guidelines for acceptable levels of mercury for certain soil, duff, and airborne deposition 
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parameters (Environmental Topics, 2017). An individual can be exposed to mercury by 
either acute or long-term chronic exposure. Therefore, acceptable Hg water 
contaminant levels are presented in both a maximum acceptable acute concentration 
and a maximum acceptable level of continuous exposure. The maximum acute 
concentration of mercury for fresh water is 1.4 μg/L and 0.77 μg/L is permitted for 
chronic exposure. For salt water the maximum acute level is 1.8 μg/L and 0.94 μg/L is 
allowed for chronic exposure (Environmental Topics, 2017). The clean water act of 1972 
mandated that there must be less than 2.0 μg/L in drinking water, groundwater, and 
bottled water. There are currently no recommendations for ambient air levels of 
mercury (Environmental Topics, 2017).  Remote sites such as the Canadian Arctic have 
detectable concentrations of mercury in the snow and air which suggests that most 
ecosystems possess ambient detectable mercury (Gamberg, et al. 2015). 
 The United States mercury export ban act was passed in 2008 and mandated 
that by January 1st 2013. There must be no exporting of elemental mercury from the 
United States. The goal of this legislation was to reduce the amount of available mercury 
in commerce and encourage the various industries that use elemental mercury to seek 
alternatives (Environmental Topics, 2017). In addition, the Mercury-Containing and 
Rechargeable Battery Management Act of 1996 was passed requiring the phasing out of 
mercury-containing batteries by replacing rechargeable battery with a nickel cadmium 
unit. The largest source of atmospheric mercury release is from power plants through 
the burning of Hg containing fossil fuels.  (Environmental Topics, 2017). Therefore, the 
EPA has conducted an extensive study analyzing the health, economical, and 
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environmental impacts of reducing mercury emissions from power plants which 
contaminate the atmosphere. To summarize, a reduction in mercury emission from 
power plants would initially result in an increased cost of electricity to the consumers. 
However, these elevated costs are mitigated by the wide range of improved health 
outcomes such as a reduction in numerous types of cancer, decrease in the incidence 
respiratory distress, and a decrease in the incidence of premature death. Overall it is 
estimated that the reduction of mercury emissions from power plants have anywhere 
from a 1-3 to 1-9 cost to benefit ratio (Environmental Topics,2017). 
 
Current Background Hg levels determined from other studies 
 Most mercury studies and extended research projects have focused on the 
presence of Hg in known contaminated systems. The logic follows that a system is 
generally contaminated from a point source release or an extended period of dumping.  
Efforts then follow to quantify the degree of mercury pollution and the degree of 
success mitigation efforts have had. What is often lacking in these studies is a control 
reference location which can be used to establish the background levels of mercury 
within the region. Our premise is that the best consistent reference point is an analysis 
blank.  If these reagent only samples consistently contain no detectable Hg, then that 
can be used to clearly identify that traces are present, even though the actual 
concentration may be below detection levels. Control or blank data are of importance as 
there is no current widely acceptable value of ambient mercury levels within 
macroinvertebrate compartments or soil, duff, and airborne deposition parameters.  
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Methods: 
A large portion of the experimental field work in this project involved the 
collection of macroinvertebrates species, soil, duff, and airborne deposition samples 
from four previously identified field locations. (See Figure 3 and Appendix II for site 
locations). Following sample collection, tissue and substrate samples were processed 
and stored in plastic containers in the laboratory till analysis.  Undried samples were 
frozen or refrigerated.  Protocols for collection and analysis are included in Appendix III. 
Study Site Selection 
Prior studies by the James Madison University Mercury Research Group in the 
Western side of the Shenandoah Valley of Virginia have involved surveys of a variety of 
locations using the airborne samplers described in Appendix III A along with some other 
analyses not directly related to the current project.  These THg distribution data helped 
with decision making for the current study.  Starting with the summer of 2014, the focus 
shifted to collecting soil, air, and macro invertebrate samples from a total of four sites 
within Rockingham County. Based on the 2010-2011 air borne mercury deposition study 
completed by Brian Schwenk and the earlier data, candidates for the current study were 
chosen that would serve as representing different levels of contamination. Two sites, 
one north (Irish Path, IP) and one South of Harrisonburg (Ramblewood Road. RR), were 
selected based on their low traces of air borne mercury deposition.  The sampling was 
accomplished using passive samplers that are described in Appendix III A.  After one 
year of data collection and analysis, comparable detectable levels of mercury were 
found to occur in the soil, air deposition, and macro invertebrate within both 
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ecosystems.  Desiring to have a ‘proper’ control with no THg to compare our findings, 
we returned to the survey completed by Brian Schwenk and found that in previous years 
the James Madison University Arboretum (AR) had mercury deposition levels below 
detection limit. Therefore in 2015 soil, air deposition, and macro invertebrate samples 
were collected and analyzed from all three locations.  The JMU Arboretum (AR) was 
found to have trace concentrations of THg comparable with the Irish Path (IP) and 
Ramblewood Road (RR) locations. In 2016, we made another attempt to locate a field 
site that could function as a control based on the prior survey data.  A site along Runions 
Creek Rd, roughly 24 miles north of Harrisonburg, was selected.  The study area location 
information is included in Appendix II and they are mapped in Figure 3.  
 
 
 
 
 
Figure 3. Four study sites were chosen for the field collections. Irish Path (IP), which is North of 
Harrisonburg VA, and Ramblewood Road (RR) , which is to the South, were thought to have low level, 
but detectable THg contamination. The JMU Arboretum site (AR) was added in the next year and was 
similar to the first two sites. Therefore, a fourth location, Runion Creek (RC) near Broadway Virginia, 
was added in 2016.  All four sites ended up having trace THg present and none of the compartments 
sampled had non-detectable concentrations. 
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Sampling Procedure 
 Specific protocols are located in Appendix III B - D and an overview of the 
process is described in this section.  The macroinvertebrate samples were collected by 
means of commercial baited and mechanical traps. Specifically, Beetle Bags were used 
for the Japanese Beetles, and baited hornet and fly traps were hung four to six feet 
above ground level.  Cockroach traps were baited and placed on the forest floor.  In 
addition, earthworms were collected by excavating soft moist soil to a depth of about 
20 cm. Individuals were then collected by hand and placed in a cardboard container for 
transport to the laboratory and later depuration.  
 In addition to traps reserved for specific organisms, a vacuum device called a 
“Bugzooka TM” was utilized for freehand collection of specific species. To complement 
this sampling technique, multiple separate plywood boards were dispersed over the 
forest floor. These boards simulated a hospitable environment for forest floor dwelling 
species and allowed easy access for collection by hand picking when they were 
removed.  
 Air-borne mercury deposition was sampled using petri plates coated in 
Tangletrap®. For the control samples, petri plates were coated in Tangletrap® and only 
exposed to the atmosphere within the lab. After 158 days, the plates were brought to 
the lab for analysis. (Appendix III A).   
The soil samples were collected about 8-10 cm below the surface in the A 
Horizon. Roughly two grams of soil were collected for later processing. Duff, essentially 
the O horizon was collected from the top 1-2 cm of the forest floor comprised of 
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fragmented organic matter and some soil. All samples were stored in sterile whirl pack 
bags for later analysis.  
Laboratory Processing of Samples 
 Following collection, all macroinvertebrate samples were placed in a freezer for 
two to four days as a way of killing the organisms. Soil and duff were immediately 
labeled and spread out on a table in the lab to air dry for 48 hours. Once the soil and 
duff samples were at equilibrium with the air-conditioned laboratory conditions, 
samples were weighed out to approximately one gram and their exact dry weights were 
recorded. These samples were stored in snap cap vials for later digestion.  
 Macroinvertebrate samples which had been euthanized via the freezer, and 
were then air dried using a thermofisher oven at 40 oC. Samples were then sorted based 
on site location, date collected, and identified as precisely as possible. Individual 
samples contained a single macroinvertebrate taxon; however, the number of 
individuals per sample varied. To account for the varying numbers, sample dry masses 
were recorded for each substrate aliquot used for analysis and multiple replicates were 
prepared where possible.  
 The airborne deposition samplers were sealed in the field and brought into the 
lab for storage until later digestion (Appendix III). The plates functioned to capture any 
THg collected in the particulate matter that was deposited from the air. Large items 
such as leaves, twigs and fragments greater than approximately 1 mm in diameter were 
excluded from the sample.   
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Digestion Procedure 
The macroinvertebrate species and the soil and duff samples to be analyzed for 
mercury content were solubilized using hot nitric and sulfuric acid digestion (Appendix 
III E.)  and the levels of mercury within the samples analyzed using a Flow Injection 
Mercury System (FIMS) atomic absorption spectroscopy, produced by Perkin Elmer (part 
no. 0993-5203).  
The process of hot acid digestion entails combining 3 boiling chips, 50 mg 
Vanadium Pentoxide, 10 mL 3% HCl, and 10 mL of concentrated nitric acid into each 
digestion tube which already hold the samples to be digested. The tubes were allowed 
to sit in the digestion block at 96 - 100°C for 30 minutes. After removal, the tubes cool 
for 15 minutes before adding 10 mL of concentrated sulfuric acid, and then placed back 
into the heat for another 15 minutes. Subsequently, the digestion tubes cool, are diluted 
to 100 mL, stored and sealed with parafilm in clean glass bottles, and refrigerator at 0-
2C for later analysis. (Appendix III E-H) 
The contents of the inverted petri plates coated with Tangletrap TM which were 
used to analyze air deposition required an altered processing procedure. Following 
collection from the field, plates were capped and stored until digestion. Large sticks or 
leaves deposited on the plates were removed and set aside. The Tangletrap TM gel was 
scraped clean using a sterile glass microscope slide. The entire gel and slide were then 
placed in the digestion tube and prepared using the same hot acid digestion technique 
as the other samples.   
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Analysis Procedure 
For analysis of the samples with the FIMS, a calibration curve is created with the 
values of the curve depending on the samples being analyzed. If the samples are 
perceived to have accumulated greater amounts of mercury, a standard curve including 
0.5 µg Hg/L, 1.0 µg Hg/L, and 1.5 µg Hg/L is generated. These standard curves are based 
Beer’s law and allow for accurate measurement of mercury content of the digested 
samples. The standard solutions are made by combining the specific amount of mercury 
with 3% dilute HCl. Along with the standards, a reductant is made by dissolving 5.5 g of 
SnCl2 in 500 mL of 3% dilute HCl. This spectrophotometric technique is unique to 
analyzing mercury as the reductant SnCl2 oxidizes all of the different forms of mercury to 
inorganic elemental mercury. Therefore, the values produced from this analysis do not 
indicate the degree of methylation and are recorded as total mercury samples (THg). 
After generating a reliable standard curve, approximately 10 mL of each sample is then 
poured into an acid cleaned sample tube and placed in the FIMS sampling space for 
analysis. (Appendix III). 
 Following spectrophotometric analysis, the FIMS provides mercury values as µg 
Hg/L of digestate. The amount of THg in the sample can then be calculated based on the 
known aliquot mass.  Therefore, specific unit conversions must occur in order to get to 
the final desired unit of µg THg/g dry weight. The initial FIMS value is multiplied by .1 as 
the sample volume as diluted to 0.1L not 1L. Next the value is divided by the dry weight 
of the macroinvertebrates which composed this sample. This brings the final unit to µg 
THg/g dry weight tissue. The process remains the same for the soil and duff samples 
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with the only difference being the dry weight of the soil and duff used to convert to the 
final unit. The petri plate air deposition samplers were not divided by their dry weight 
because what was being measured was the total amount collected on a known surface 
area.  The duration of the exposure time allowed the calculation of a rate of deposition.  
The measured concentrations were first multiplied by the dilution factor of 0.1 and then 
divided by the exposed area of the collection surface and the duration of time they were 
exposed for a final unit of µg THg/m2/day.  
Data were stored in a ’google document’ sheet and routinely exported to 
Microsoft Excel where they were stored on the laboratory computer as a data backup. 
Original individual data will eventually be available on JMU Biology website under 
Mercury Research Lab.  
 
Results 
In this study, numerous soil, duff, and airborne deposition and 
macroinvertebrate samples were collected and analyzed and over the past three years.  
No samples collected from the field sites have been free of mercury. The mercury 
concentrations observed in these ecosystems was lower than contaminated sites 
recorded in the literature and even lower than some controls used in those studies.  
Detectable traces were always present that exceeded the analytical blanks containing 
the digestion reagents.   
Samples were collected from Irish Path (IP) and Ramblewood Road from 2014-
1016.  Additional samples were collected from the James Madison University Arboretum 
 24 
(AR) from 2015-2016 along with the IP and RR sites. Data collected from Runion Creek 
(RC) were included in 2016.  
 This was a group study in which Matthew Riordan assisted in the summary 
analysis of soil, duff and the standard airborne samples.  Those data were reported 
separately originally and are summarized as presented here.  All members of the 
research team contributed to the collection and analysis over the course of the study. 
The 2014-2017 component of the team includes Matt Riordan, Melissa Encinias and 
Cody Cubbage.  Gail Moruza and the author, Gregory Mansour, initiated and carried out 
the initial 2014 data collection. Prior to examining macroinvertebrate tissue THg 
concentrations, those of soil, duff, and air deposition samples were compared for mean 
fluctuation year by year (intra-site specific comparisons) and inter-site specific mean 
comparisons. 
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Soil THg Concentrations 
Table 1.  Site specific yearly mean [THg] (µg/g), standard deviation (±), n (number of 
samples collected), and significance test results for soil samples collected from IP (Irish 
Path), RR (Ramblewood Road), AR (Arboretum), and RC (Runion’s Creek).  
 
In 2014 and 2016, Irish path had the highest total mercury concentration [THg] in 
the soil samples collected (Figure 4).  There was a significant difference (Table 1) in the 
total mercury concentration of the soil samples collected between 2014-2015 for Irish 
Path and Ramblewood Road.  Also, there was a significant difference in the [THg] of the 
soil samples collected between 2015-2016 from Ramblewood Road and the Arboretum. 
The mean total mercury concentration of soil collected from Runion’s Creek (RC) 
was higher than that of the Arboretum and Ramblewood Road, but no real difference 
was observed between them (Figure 5).  There was a significant difference in mean 
[THg] between Irish Path and the Arboretum in 2016 with a p-value <0.0001 (Figure 6). 
 
 
Location Year Mean [THg] Std. Dev. n 
IP 2014 0.047 0.014 30 
IP 2015 0.064 0.0050 20 
IP 2016 0.065 0.019 20 
RR 2014 0.043 0.020 34 
RR 2015 0.086 0.0087 20 
RR 2016 0.052 0.016 20 
AR 2015 0.0655 0.013 20 
AR 2016 0.033 0.012 20 
RC 2016 0.050 0.026 18 
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Figure 4.  Irish Path (IP) & Ramblewood Road (RR) mean total mercury concentrations 
(THg) of soil samples collected in 2014.  The grand mean was 0.045 µg THg/g with no 
real difference between mean THg concentrations. Error Bars are ± 1 standard 
deviation. Common letters indicate no statistically significant difference. 
 
 
Figure 5. Irish Path (IP), Ramblewood Road (RR), and Arboretum (AR) mean total 
mercury concentrations (THg) of soil samples collected in 2015.  The grand mean was 
0.072 µg Hg/g with no real differences between mean THg concentrations. Error Bars 
are ± 1 standard deviation. Common letters indicate no statistically significant 
difference. 
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Figure 6. Irish Path (IP), Ramblewood Road (RR), the Arboretum (AR), & Runion’s Creek 
(RC) mean total mercury concentrations (THg) of soil samples collected in 2016.  The 
grand mean was 0.05 µg THg/g.  There was a significant difference between AR & IP 
(p<0.0001). Error Bars represent ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
Duff Concentrations 
The mean total mercury concentration of the duff samples collected in 2016 
(grand mean = 0.11 µg THg/g) was higher than 2014 (grand mean = 0.022 µg THg/g) and 
2015 (grand mean = 0.075 µg THg/g).  There was a difference in the mean [THg] of the 
duff collected from the Arboretum between 2015 (mean = 0.13 µg THg/g) and 2016 
(mean = 0.17 µg THg/g).  There were no other yearly (intra-site specific) differences in 
mean [THg].  
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Table 2. Site specific yearly mean [THg] (µg/g), standard deviation (±), n (number of 
samples collected), and significance test results for Duff samples collected from IP (Irish 
Path), RR (Ramblewood Road), AR (Arboretum), and RC (Runion’s Creek).  
 
There were multiple inter-site specific significant differences in mean [THg].  
Runion’s Creek duff samples contained relatively more Hg than Irish Path and 
Ramblewood Road, but less than the Arboretum (Table 2.) The mean [THg] of the duff 
samples collected from the Arboretum in 2014 was significantly different than that of 
the duff samples collected from Ramblewood Road (p<0.0001) and Irish Path (p<0.0001) 
(Figure 7).  The mean [THg] of the duff samples collected from the Arboretum in 2016 
was significantly different than that of the duff samples collected from Ramblewood 
Road (p<0.0001) and Irish Path (p<0.0001) (Figure 8).  Also, the mean [THg] of the duff 
samples collected from Runion’s Creek in 2016 was significantly different than that of 
the duff samples collected from Ramblewood Road (p<0.0001) and Irish Path (p<0.0001) 
Location Year Mean [THg] Std. Dev. n 
IP 2014 0.022 0.013 21 
IP 2015 0.033 0.015 20 
IP 2016 0.071 0.028 18 
RR 2014 0.023 0.014 21 
RR 2015 0.047 0.018 19 
RR 2016 0.065 0.016 19 
AR 2015 0.13 0.042 20 
AR 2016 0.17 0.061 19 
RC 2016 0.12 0.022 20 
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(Figure 9).  However, there was no real difference in mean [THg] of duff samples 
collected in 2016 between the Arboretum and Runion’s creek. 
 
Figure 7. Irish Path (IP) & Ramblewood Road (RR) mean total mercury concentrations 
(THg) of duff samples collected in 2014.  The grand mean was 0.022 µg THg/g with no 
real difference between mean THg concentrations. Error bars represent ± 1 standard 
deviation. Common letters indicate no statistically significant difference. 
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Figure 8. Irish Path (IP), Ramblewood Road (RR), and Arboretum (AR) mean total 
mercury concentrations (THg) of duff samples collected in 2015.  The grand mean was 
0.075 µg Hg/g with significant differences in mean THg concentrations between AR & RR 
(p<0.0001) and AR & IP (p<0.0001). Error bars represent ± 1 standard deviation. 
Common letters indicate no statistically significant difference. 
 
Figure 9. Irish Path (IP), Ramblewood Road (RR), the Arboretum (AR), & Runion’s Creek 
(RC) mean total mercury concentrations (THg) of duff samples collected in 2016.  The 
grand mean was 0.11 µg Hg/g.  There were significant differences between AR & RR 
(p<0.0001), AR & IP (p<0.0001), RC & RR (p<0.0001), and RC & IP (p<0.0001).  There was 
not a significant difference between AR & RC. Error Bars are ± 1 standard deviation. 
Common letters indicate no statistically significant difference. 
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Air-Deposition Rates 
The mean total mercury concentration of the airborne deposition samples 
collected in 2015 (grand mean = 0.0056 µg THg/m2/day) were higher than those in 2014 
(grand mean = 0.004 µg THg/m2/day) and 2016 (grand mean = 0.0028 µg THg/m2/day).  
There was a significant difference in mean total mercury concentrations [THg] of the 
airborne deposition plates collected from the Arboretum between 2015-2016.  There 
were no other yearly (intra-site specific) significant differences in mean [THg].  There 
were multiple inter-site specific significant differences in mean [THg] of airborne 
deposition samples collected.  The mean [THg] of the airborne deposition samples 
collected from Irish Path in 2016 were significantly different than that of the airborne 
deposition samples collected from Ramblewood Road (p=0.032) and Runion’s Creek 
(p=0.008).  The mean [THg] of the airborne deposition samples collected from the 
Arboretum in 2016 were significantly different than that of the airborne deposition 
samples collected from Ramblewood Road (p=0.0008) and Runion’s Creek (p< 0.0001).  
There were no significant differences in mean [THg] between the Arboretum and Irish 
Path in 2016 (Table 3). Site specific yearly mean [Hg] (µg THg/m2/day), standard 
deviation (±), n (number of samples collected), and significance test results for air 
samples collected from IP (Irish Path), RR (Ramblewood Road) 
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Table 3. Site specific yearly mean [Hg] (µg THg/m2/day), standard deviation (±), n 
(number of samples collected), and significance test results for air samples collected 
from IP (Irish Path), RR (Ramblewood Road) 
 
 
 
Figure 10. Irish Path (IP) and Ramblewood Road (RR) mean total mercury concentrations 
(THg) of air deposition samples collected in 2014.  The grand mean was 0.004 µg 
THg/m2/day. Error bars represent ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
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Figure 11. Irish Path (IP), Ramblewood Road (RR), and Arboretum (AR) mean total 
mercury concentrations (THg) of air deposition samples collected in 2015.  The grand 
mean was 0.005 µg THg/m2/day. Error bars represent ± 1 standard deviation. Common 
letters indicate no statistically significant difference. 
 
Figure 12. Irish Path (IP), Ramblewood Road (RR), Arboretum (AR), and Runion’s Creek 
(RC) mean total mercury concentrations (THg) of air deposition samples collected in 
2016.  The grand mean was 0.003 µg THg/m2/day. Error bars represent ± 1 standard 
deviation. Common letters indicate no statistically significant difference. 
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Macroinvertebrate Summary Concentrations 
 This was a group study in which Melissa Encinitas assisted in the summary 
analysis of the macroinvertebrate samples.  Macroinvertebrate samples were collected 
from 2014- 2016. Availability of specific species varied based on location and year 
sampled. Over the three-year sampling period a total of 21 species were collected by 
the research team. These species include: Popillia japonica, Leucauge venusta, 
Camponotus ferrugineus, Leiobunum spp, Phalangium opilio, Achea domesticus, Musca 
domestica, Oicepoptoma subrufum, Halyomorpha halys, Nicrophorus tomentosus, 
Armadillidium vulgare, Tegeticula uiccasella, Ctenolepisma longicaudata, Malacosoma 
americanum, Euthochtha galeator, Vespula squamosal, Panorpa acuta, Micrathena 
sagittata, Ceuthophilus Hesperus, Photinus pyralis, and Graphocephala coccinea 
(Appendix VII). 
 In 2014, twelve taxa were collected and identified from both Irish Path (IP) and 
Ramblewood Road (RR). The average concentration of all samples collected in 2014 
from Irish Path (IP) was 0.1392 ± 0.055 THg µg/g dry weight tissue and from 
Ramblewood Road (RR) was 0.1444 ± 0.050 THg µg/g dry weight tissue. There was no 
statistically significant difference between the two locations with a p-value of 0.804. All 
macroinvertebrate samples are composed of a combined sample of multiple individuals 
of the same species. When looking at the individual taxa no notable or significant 
differences appear between each species at the two sites (Appendix VII) but differences 
in concentration did exist between taxa.  
 35 
 
 
Figure 13. 2014 macroinvertebrate mercury concentrations from Irish Path and 
Ramblewood Road. Error bars represent ± 1 standard deviation.  
 
In 2015, a total of 12 taxa were successfully collected from all three sites. The 
average concentration of all samples collected in 2015 from Irish Path was 0.1383 ± 
0.035 THg µg/g dry weight tissue, from Ramblewood Road 0.1892 ± 0.079 THg µg/g dry 
weight tissue, and from the Arboretum 0.1894 ± 0.042 THg µg/g dry weight tissue. 
There was no statistically significant difference in the overall total macroinvertebrate 
mercury concentration between Irish Path and Ramblewood Road (p = 0.0545.) There 
was a statistically significant difference between Irish Path and the arboretum (p = 
0.003.)   However, when the individually high (potentially outlier) Jumping Silver Fish 
data are removed, there are no statistically significant difference between IP vs. AR (p = 
0.7138), when all taxa, including Silver Fish, are considered, AR and RR do not differ (p = 
0.993) and this is still the case with the Silver Fish removed (p = 0.065.)  The species 
where multiple samples were collected, represented by error bars (Figure 4), appeared 
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to show no real difference between study sites. Of the species where, there appeared to 
be differences Only one composite sample was analyzed per location for Jumping Silver 
Fish, Lady bugs, and Moths making evaluation of variability impossible. (Appendix VII).  
In the 2016 sampling season, five taxa were successfully collected from all four 
sites. The mean of all taxa collected in 2016 from Irish Path was 0.068 ± 0.030 THg µg/g 
dry weight tissue, from Ramblewood Road 0.141 ± 0.029 THg µg/g dry weight tissue, 
from the Arboretum 0.131 ± 0.058 THg µg/g dry weight tissue, and from Runion’s Creek 
0.137 ± 0.054 THg µg/g dry weight tissue. Statistical analyses were not possible in 2016 
due to the low number of taxa collected (n=5) (Appendix VII).  
 
Figure 14. 2016 macroinvertebrate mean mercury concentrations (THg µg/g dry weight 
tissue) from Irish Path (IP), Ramblewood Road (RR), Arboretum (AR), and Runion’s Creek 
(RC). Error bars represent ± 1 standard deviation. 
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Earthworm Concentrations 
 In the 2015 and 2016 sampling seasons, both Lumbricus terrestris and Lumbricus 
rubellus were collected at all the sites. Despite this, there was not a large enough 
sample of Lumbricus terrestris collected consistently to be used for comparison 
purposes. Individual earthworm samples were comprised of ten individual Lumbricus 
rubellus.  
 In 2015, a total of 79 samples were analyzed for Irish Path with an average dry 
weight of 0.482 ± 0.225 grams, 56 samples for Ramblewood Road with an average dry 
weight of 0.5976 ± 0.250 grams, and 54 samples for the Arboretum with an average dry 
weight of 1.462 ± 1.118 grams. The average mercury concentration for Irish Path in 2015 
was 0.406 ± 0.233 THg µg/g dry weight tissue. The average mercury concentration for 
Ramblewood Road in 2015 was 0.415 ± 0.129 THg µg/g dry weight tissue. The average 
mercury concentration for the Arboretum was 0.178 ± 0.095 THg µg/g dry weight tissue. 
There was no significant difference in mercury concentrations between Irish Path and 
Ramblewood Road with a p-value of 0.8618. There was a significant difference in 
mercury concentration between Irish Path and the Arboretum with a p-value of 0.0001. 
Therefore, it can be said with confidence that in 2015, the earthworms at Irish Path had 
more mercury associated with them than at the Arboretum. There was a significant 
difference in the mercury concentrations of earthworms between Ramblewood Road 
and the Arboretum with a p-value of 0.0001. Therefore, it can be said with confidence 
that in 2015 Ramblewood Road earthworms had more mercury associated with them 
than the Arboretum earthworms.   
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Discussion  
Soil Analysis 
 Irish Path (IP) and Ramblewood Road (RR) had comparable amounts of mercury 
with no significant difference when sampled in 2014. Therefore, the data can be 
aggregated to produce an annual mean for comparison to other sampling years. Looking 
at the sites from the 2015 sample, even though there was a significant difference in soil 
concentrations between Ramblewood Road and the other two sites, the soil 
concentrations we are observing within the same relative range. To put it into a greater 
context, at a study site roughly 40 miles south in Waynesboro, contaminated soil 
concentrations of 42.0 THg µg/g were observed downstream from the DuPont fiber 
plant which is a well-studied source of mercury contamination (Hayes, 1986). This is 
about 600 times greater than the average soil mercury concentration observed in this 
2014-16 study in Rockingham County VA. Looking at the data from 2016 and the 
inclusion of a 4th site, it is evident that the four locations are essentially replicates with 
very low, but detectable THg. In some instances, site to site and year to year variation 
was detected, but without obvious casual patterns.   
When comparing the Rockingham Co. sites to the control sites aggregated from 
the literature search, it is still evident that the Rockingham Co. concentrations are still 
below the global average. The average from the literature search is 0.111 ± 0.159 THg 
µg/g dry weight which is still greater than the highest annual concentration from 2016 
(0.107 ± 0.03 THg µg/g dry weight).  
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Figure 15. Concentration (µg/g dry weight) of THg in soil layer of Irish Path (IP) in 2014-
2016 Error bars are ± 1 standard deviation. Common letters indicate no statistically 
significant difference. 
 
Figure 16. Concentration (µg/g dry weight) of THg in soil layer of Ramblewood Road (RR) 
in 2014-2016 Error bars are ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
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Figure 17. Concentration (µg/g dry weight) of THg in soil layer of Arboretum (AR) in 
2015-2016 Error bars are ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
Duff Analysis 
 Duff samples are comprised of the dead organic material on the soil surface 
below the leaf litter. Therefore, this composite sample is exposed to mercury leaching 
off the leaf litter in addition to any airborne mercury deposition. In order to collect a 
sample of at least 1.000g dry weight, a larger amount of duff was collected in 
comparison to soil samples. Therefore, this larger volume of material would be expected 
to yield a greater amount of mercury than the soil samples. In addition, the layer of leaf 
litter on top of the duff was not measured or standardized across all sites. Therefore, 
more variation in the samples would be expected.   
 In 2014, the annual mercury concentration in the duff was 0.023 ± 0.014 THg 
µg/g dry weight, 2015 excluding the arboretum site was 0.040 ± 0.016 THg µg/g dry 
weight. The 2016 mean for the two lower sites, Irish Path and Ramblewood Road, was 
0.0681 ± 0.022 THg µg/g dry weight and the mean for the two higher sites, arboretum 
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and Runion Creek, was 0.146 ± 0.041 THg µg/g dry weight. Looking at the annual trends, 
it appears as if the duff concentration of mercury is steadily increasing year by year.  
 From the literature search, a global average of 0.312 ± .116 THg µg/g dry weight 
for duff samples was established. This mean is only based on two samples as sampling 
duff is not common practice due to the high variability. Despite this, the concentrations 
observed in Rockingham Co. were still less than those from the literature search.  
 
Figure 18. Concentration (µg/g dry weight) of THg in duff layer of Irish Path (IP) in 2014-
2016. Error bars are ± 1 standard deviation. Common letters indicate no statistically 
significant difference. 
 
 
 
Figure 19. Concentration (µg/g dry weight) of THg in duff layer of Ramblewood Road 
(RR) in 2014-2016. Error bars are ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
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Figure 20. Concentration (µg/g dry weight) of THg in duff layer of Arboretum (AR) in 
2014-2016. Error bars are ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
 
Air Analysis 
 The national atmospheric deposition program was established to monitor and 
predict deposition rates of various harmful substances across the United States. Based 
on the prediction map from 2015, Rockingham Co. should be exposed to anywhere from 
2.0 – 4.0 THg µg/m2 per year (Figure 21). Therefore, we can use this established 
predictive model to compare to the Rockingham Co. findings to conclude whether this 
model is an accurate representation of reality.   
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Figure 21. National Atmospheric Deposition program deposition model of airborne 
mercury for the United States of America. Note the range for Virginia and Rockingham 
Co. of about 2.0 – 4.0 2.0 – 4.0 THg µg/m2 per year.  
  
 The air sampling technique using a tangle trap matrix in a petri dish was first 
used over 20 years ago in the JMU research group and has been used in over 10 studies 
since then. The question assessed in this study was is proximity to a historical apple 
orchard where mercurial based fungicides were used impact the air deposition of 
mercury in that region. Around 80 locations were established over Rockingham Co. and 
historical apple orchards were mapped (Figure 22). This study did not identify a strong 
relationship between distance from orchard and air borne deposition however did 
provide a large bank of sample sites in Rockingham Co. Using this preliminary data, two 
sites (Irish Path and Ramblewood Road) were identified in 2014. 
 Large variation in air deposition is expected as many factors contribute to the 
amount of mercury deposited per year. More obvious factors such as weather patterns, 
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amount of mercury emitted from natural and anthropomorphic sources, and the 
amount of mercury that comes down account for a large portion of the variation. In 
addition to these factors, forest construction and canopy thickness impact the amount 
of mercury deposited. In a study conducted by Guédron et al. (2013), the observation 
was made that a greater canopy thickness and vegetal covered resulted in an increased 
amount of mercury deposition to the soil and duff. The identified mechanism was that 
once mercury settles under the canopy, it is continuously volatilized and redeposits 
(Guédron et al., 2013). In addition, the thickness of the canopy impacts the amount of 
mercury that falls through to the forest floors and the air samplers.  
 
Figure 23. Irish path (IP) year by year mean THg air deposition (µg/m2/day) comparison. 
Common letters indicate no statistically significant difference. 
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Figure 24. Ramblewood Road (RR) year by year mean THg air deposition (µg/m2/day) 
comparison.  Error bars represent ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
 
Figure 25. Arboretum (AR) year by year mean THg air deposition (µg/m2/day) 
comparison.  Error bars represent ± 1 standard deviation. Common letters indicate no 
statistically significant difference. 
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 To answer the question of whether the observed amount of mercury deposition 
can be considered an ambient level, the global collective mean must be compared. From 
the literature search, a global average of 0.017 ± 0.006 THg µg/m2/day was established. 
This deposition rate is greater than the highest observed deposition rate from any of the 
three study years. This finding suggests that the air deposition of mercury observed in 
Rockingham Co. is less than the ambient level seen across the globe.  
When comparing the deposition data collected in 2015 and the air deposition 
model established by the mercury deposition network more similarities are identified. 
Sampling year 2015 was selected for comparison because this was the year with the 
greatest amount of deposition. Using the daily deposition data from the collective mean 
from the current study in 2015, and extrapolating to a year, the annual deposition 
would be estimated at 2.03 THg µg/m2/year. This lies on the lower side of the prediction 
range of 2.0-4.0 µg/m3/year yet qualifies that the predictive model is an accurate 
representation of reality. Therefore, since this model accurately represents the 
observations from these studies, the national estimations made by this model can be 
used in continuing years to monitor the status of mercury deposition.  
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Figure 22. Brian Schwenk 2004 Apple Orchard study. The yellow regions indicate 
historical apple orchards where mercurial based fungicides were used. Squares and 
circles indicate distance from apple orchard while color indicate amount of mercury 
deposition.  
 
Macroinvertebrate and Earthworm Analysis 
 When discussing the presence of mercury in macroinvertebrate species it is 
important to distinguish that the presented concentrations represent mercury 
associated with a species. This is important to note as it is not known if the mercury 
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detected is on the surface of the species or internalized in the sample. Despite this it can 
be assumed that equal variance occurs at each individual site and intra-site comparisons 
are accurate. Based on the principles of bioaccumulation it is predicted that mercury 
concentration in macroinvertebrates would rank herbivore< detritivore< omnivore< 
carnivore.  
 Looking at the macroinvertebrate data from 2014, the species with the greatest 
amount of mercury were the Japanese Beetles, Spiders, and Ants. Japanese Beetles are 
categorized as omnivores as they consume a variety of substances in their larval phase. 
In addition, Ants are categorized as omnivores, and spiders as carnivores. Of the 
remaining low level species, there is a mix of all four trophic levels (Appendix VII). Of 
interest is the observation that flying macroinvertebrates had comparably low levels of 
mercury and macroinvertebrates that spent a large portion of their lifecycle in or around 
the soil had elevated levels. This observation persisted in the samples collected in 2015. 
The best indicator of this observation are the earthworms. Even though large variability 
exists, the earthworms were the species with the greatest amount of mercury. This 
observation suggests that there is a large degree of variation in trophic status and 
subsequent mercury concentration. 
 In the 2016 sampling season, common macroinvertebrates sampled in previous 
years were not as readily available. A total of 5 macroinvertebrates were sampled and 
mercury was detected in all of them. Comparable to previous years, spiders and daddy 
long legs had greater amounts of mercury than other species. Due to the low availability 
of samples from 2016, no generalizations can be made on the small data set.  
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Ambient Background Mercury  
 Of all the samples collected from 2014-2016, no macroinvertebrate samples or 
soil, duff, or airborne deposition samples exhibited a true zero amount of mercury. 
What come first to mind is that something in the analytical technique used is 
introducing a source of mercury. Therefore, to control for analytical error, multiple 
reagent blanks were run with every acid digestion. In addition, during 
spectrophotometric analysis, additional HCl reagent blanks, and standard 
concentrations were inserted every five samples. With a detection level of 0.0047 Hg 
µg/L, all the blanks analyzed were observed as 0 and below detection limit. Therefore, 
any mercury detected in the samples, while very low, does exist and is not due to error.  
 
Figure 26. A HCl blank and digestion blank were ran simultaneously with every 
spectrophotometric analysis. The HCl was to ensure that the instrument had the 
specificity to detect a 0 presence, below detection limit, of mercury in solution. The 
purpose of the digestion blank was to ensure that the processing procedure did not 
introduce any unknown sources of mercury. Common letters indicate no statistically 
significant difference. 
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Currently environmental mercury standards are benchmarks of toxicity and do 
not account for any long term low level exposure. EPA regulations regarding mercury in 
fish, soil, and drinking water are presented as a threshold value. The logic is that if a fish 
contains less than a certain amount of mercury than one can consume as much as they 
want without any health implications. While this is the status of the current regulations, 
a greater emphasis needs to be placed on the monitoring of ambient levels of mercury. 
As previously stated, the soil, duff, and airborne deposition samples analyzed in 
Rockingham Co. were on average lower than the global background level of mercury. 
Despite this lower level detected, the presence of mercury still exists and therefore 
consistent sampling is essential in order to ensure a stabile system.  
Therefore, a brief literature search was conducted with the targeted goal of 
aggregating control data for soil, air deposition, and various lower trophic level 
macroinvertebrate species to establish a baseline background level of mercury. Overall, 
fifteen soil concentrations, two duff concentrations, and seventeen air deposition 
mercury samples from control sites were aggregated. These control sites come from 
locations all over the world. The mean soil concentration was 0.111 THg µg/g dry 
weight, the mean duff concentration was 0.312 THg µg/g dry weight, and the mean air 
deposition was 0.017 THg µg/m2/day.  
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Table 4. Comparison of mercury concentrations in soil, duff, and air deposition from 
global control sites 
Sample Type Mean Mercury Concentration Number of 
Samples 
Soil 0.111 THg µg/g dry weight 15 
Duff 0.312 THg µg/g dry weight 2 
Air Deposition 0.017 THg µg/m2/day 17 
 
Human Health Risk 
 The major route of human exposure to mercury is through contaminated wildlife 
(Rutkowska et al., 2013). More specifically, this exposure generally occurs through 
contaminated aquatic organisms such as fish. This exposure is due to the principles of 
biomagnification and the trophic transfer of mercury through predation. 
Biomagnification and the trophic transfer of mercury is the phenomenon when an 
organism accumulates mercury through consuming another contaminated substance. 
While this threat of mercury transfer was originally identified in an aquatic setting, there 
appears to be minimal risk when consuming common meats such as chicken, beef, or 
pork. Mercury accumulates mainly in these animal’s kidney’s and livers which are not 
commonly consumed (Dobrzański et al, 2017).  
 Another potential route of human exposure to terrestrial mercury is through 
airborne deposition. Through toxicological studies, the EPA has established a reference 
value of 0.0003 mg/m3 of continuous inhalation of inorganic Mercury (Environmental 
Topics, 2017). The data collected for this study was not restricted to inorganic mercury 
but a measure of total mercury which is the amount of inorganic plus methylated 
mercury.  Mercury is methylated by sulfur reducing bacteria in the soil and water. 
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Therefore, mercury being deposited in the air exists in the inorganic form (Risher, 2003).  
During the time frame of this study, the site within Rockingham Co with the greatest 
airborne deposition was the summer of 2015 at the James Madison University 
Arboretum (AR). An average daily deposition of 0.0075 THg µg/m3 was recorded.  This 
would have to increase 4 times before any adverse central nervous system effects 
would be realized from inhaled mercury. Therefore, it can be concluded that the air 
deposition of mercury in Rockingham Co. is not currently a threat to human health. 
More broadly it can be concluded that the current presence of mercury in Rockingham 
Co. is not a threat to human health.  
 The majority of mercury studies occur at sites were a large spill has occurred. 
Based on the necessity of studying these highly-contaminated sites, the majority of data 
for terrestrial mercury is from highly contaminated sites. That is why it is essential to 
monitor sites of no major deposition for mercury presence in order to establish a 
baseline level of ambient mercury.  
 
Conclusion 
 Very little yearly variation in mercury concentration of the soil, duff, and 
airborne deposition samples were observed. Following the initial sampling year of 2014, 
an additional site was added each season with the goal of identifying a zero control. 
Despite the inclusion of a remote site at the foothills of the Little North Mountain 
(Runion’s Creek) detectable mercury was observed in not only the substrate, but in all 
macroinvertebrates sampled. This persistent presence of mercury throughout forested 
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ecosystems suggests a detectable ambient level of mercury. Despite the presence of 
mercury in these ecosystems, no adverse effects were observed on the biota. In 
addition, the soil, duff, and airborne deposition were less than control sites aggregated 
from all over the world. This would suggest that the mercury presence in Rockingham 
Co. qualifies as ambient.  
 Interspecific differences observed at each site were minimal with the mean [THg] 
of soil samples collected from Ramblewood Road in both 2015 & 2016 higher than those 
collected from the Arboretum (Appendix VI).  However, the mean [THg] in the duff and 
airborne deposition plates at the Arboretum (AR) was greater than that at Ramblewood 
Road (RR). The variation observed at these sites could be due to multiple causes. These 
factors include having THg concentrations that push the detection limits of the Perkin 
Elmer FIMS analysis, insufficient replication between sites, and sampling or analysis 
errors. Efforts were made to increase sample size from year to year in order to increase 
statistical strength however large variation still persisted. Soil and duff collection was 
done over multiple years, by different field personnel.  Some error may exist due to 
different samplers collecting soil and duff measuring from a different reference point. 
As a result, what he/she measured as the 1cm – 3cm (duff) and 3cm – 10cm (soil) may 
vary slightly and introduce error.  In future studies, steps will should be taken to 
establish a more detailed protocol for soil and duff collection.   
This study successfully identified a description of mercury concentrations for this 
“non-contaminated” region. Comparing the soil, duff, and airborne mercury 
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concentrations of the global means established from the literature indicated that the 
mercury presence in Rockingham Co. remains in the low range of control sites from all 
over the world. Therefore, it can be concluded that the mercury presence identified in 
Rockingham Co. represents a baseline of ambient mercury. While the mercury 
concentrations were low relative to contaminated locations, there still was a detectable 
presence of mercury as indicated by the difference between samples and digestion 
blanks. 
 This study identified a mercury presence in many common terrestrial 
macroinvertebrates. Despite the low presence of mercury in the soil, duff, and air 
deposition, there were detectable quantities of mercury in the macroinvertebrates. No 
adverse effects were observed on the macroinvertebrates species within these 
ecosystems.  However, targeted research on health parameters was not carried out.  
While the trophic transfer of mercury has been noted for other heavy metals, assessing 
the trophic transfer of mercury in these conditions is not an exact science (Trembley et 
al, 1996). Macroinvertebrates diets vary based on the availability of their preferred food 
source. In addition, macroinvertebrates diets often change as they move through 
different stages of their life cycles.  In order to properly assess this question, an 
extensive sampling of specific macroinvertebrates throughout all life stages to 
determine when and how much mercury is accumulated would be needed to answer 
this question. Despite this, a relatively greater amount of mercury was detected in 
earthworms, spiders, and Japanese beetles which occupy higher trophic levels. These 
observations were consistent for all sample locations. 
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 There is no direct quantifiable way of assessing risk to humans based on the 
methods used in this study.  Despite this, generalizations can be predicted based on 
models and the National Atmospheric Deposition metadata of recorded air deposition 
of mercury. Utilizing the reference information from the EPA it was determined that if 
one was to constantly inhale the measured concentrations of airborne deposition of 
mercury from these rural locations, they would not be at risk of any negative central 
nervous system effects due to mercury.  
 Future studies in this field should focus on long term monitoring of the soil, duff, 
and airborne deposition of mercury. This longitudinal monitoring would provide a 
baseline trend to determine whether the ambient presence of mercury is remaining 
stable or changing. In addition, sampling common agricultural products such as wheat, 
barley, soy, beef, or chicken, would help monitor whether mercury is present and 
accumulating within food chain.  
   
 
 
 
 
 
 
 
 
 56 
Literature Cited 
Abbott, M., Lin, C. J., Martian, P., and Einerson, J.: Atmospheric Mercury Near Salmon 
 Falls Creek Reservoir in Southern Idaho, Idaho Department of Environmental 
 Quality report, INL/EXT06-12048, 2007. 
Burke, J., Hoyer, M., Keeler, G., and Scherbatskoy, T.: Wet deposition of mercury and 
 ambient mercury concentrations at a site in the Lake Champlain basin, Water Air 
 Soil Poll., 80, 353–362, 1995. 
Cristol, D. A., Brasso, R. L., Condon, A. M., Fovargue, R. E., Friedman, S. L., Hallinger, K.  
 K., & ... White, A. E. (2008). The Movement of Aquatic Mercury through 
 Terrestrial Food Webs. Science, (5874).335. 
Demers, J. D., Driscoll, C. T., Fahey, T. J., & Yavitt, J. B. (2007). Mercury cycling in litter 
 and soil in different forest types in the adirondack region, New York, USA. 
 Ecological Applications, (5). 1341. 
Dobrzański, Z., Kołacz, R., Czaban, S., Bubel, F., Malczewski, M., Kupczyński, R., & 
 Opaliński, S. (2017). Assessing Mercury Content in Plant and Animal Raw 
 Materials in an Area Impacted by the Copper Industry. Polish Journal Of 
 Environmental Studies, 26(2), 577- 583. doi:10.15244/pjoes/66709 
Fang, G.,Yang, I., Liu, C. (2010). Estimation of Atmospheric Particulates and Dry 
 Deposition Particulate-bound Mercury Hg(p) in Sha-Lu, Taiwan. Aerosol and Air 
 Quality Research, 10, 403–413. 
Environmental Topics. (2017, January 19). Retrieved February 19, 2017, from  
  https://www.epa.gov/ 
Han, Y. J., Holsen, T. M., Lai, S. O., Hopke, P. K., Yi, S. M., Liu, W., Pagano, J., et al.: 
 Atmospheric gaseous mercury concentrations in New York State: Relationships 
 with meteorological data and other pollutants, Atmos. Environ., 38(37), 6431–
 6446, 2004. 
Hayes, H. R. (1986). The bio-accumulation of mercury in heterotrophic compartments of  
 terrestrial ecosystems on the South River flood plain, Waynesboro, Va. 
 [Harrisonburg, Virginia] : James Madison University, 1986 Aug. 
Karbassi, A.R., Abbaspour, M., Sekhavatjou, M.S., Saeedi, M., Zeviar, F. (2008). Potential 
 for air  pollution reduction from Iranian oil refineries. Environmental Monitoring 
 and Assessment, 145(1-3),159-166. 
 57 
Kyrre, S., Jozef M., P., Elisabeth G., P., Nicola, P., & Rebecca J., T. (2017). Global Sources 
 and Pathways of Mercury in the Context of Human Health. International Journal 
 Of Environmental Research and Public Health, Vol 14, Iss 1, P 105 (2017), (1), 
  105. doi:10.3390/ijerph14010105 
Landis, M. S., Lynam, M. M., and Stevens, R. K.: The monitoring and modelling of Hg 
 species in support of local, regional, and global modelling, in: Dynamics of 
 mercury pollution on regional and global scales, New York: Springer, 123–151, 
 2005. 
Laurier, F. and Mason, R.: Mercury concentration and speciation in the coastal and open 
 ocean boundary layer, J. Geophys. Res. D, 112(6), D06302, 
 doi:10.1029/2006JD007320, 2007. 
Lindberg, S., Bullock, R., Ebinghaus, R., Engstrom, D., Feng, X. B., Fitzgerald, W., Pirrone, 
 N., Prestbo, E., and Seigneur, C.: A synthesis of progress and uncertainties in 
 attributing the sources of mercury in deposition, Ambio, 36(1), 19–32, 2007. 
Lyman, S.N., Gustin, M.S., Prestbo, E.M., Kilner, P.I., Edgerton, E., Hartsell, B. (2009). 
 Testing and application of surrogate surfaces for understanding potential 
 gaseous oxidized mercury dry 
Mason, R. P. and Sheu, G. R.: Role of the ocean in the global mercury cycle, Global 
 Biochem. Cy, 16(4),1093, doi:10.1029/2001GB001440, 2002. deposition. 
 Environmental Science & Technology, 43, 6235. 
Gabriel, M. C., Williamson, D. G., Brooks, S., and Lindberg, S.: Atmospheric speciation of 
 mercury in two contrasting Southeastern US airsheds, Atmos. Environ., 39(27), 
 4947-4958, 2005. 
Giulio, RTD., Ryan, EA.  (1987). Mercury in soils, sediments, and clams from a North 
 Carolina peatland. Water, Air, and Soil Pollution, 33(1-2), 205-219. 
Guédron, S., Grangeon, S., Jouravel, G., Charlet, L., & Sarret, G. (2013). Atmospheric 
 mercury incorporation in soils of an area impacted by a chlor-alkali plant 
 (Grenoble, France): Contribution of canopy uptake. Science Of The Total 
 Environment, 445-446356-364. doi:10.1016/j.scitotenv.2012.12.084 
Jaffe, D., Swartendruber, P, Weiss-Penzias, P, Kato, S., Takami, A., Hatakeyama, S., and 
 Kajii, Y.: Export of Atmospheric Mercury from Asia, Atmos. Environ., 39, 3029–
 3038, 2005. 
 58 
Oppong, S.O.B.,  Voegborlo , R.B.,  Agorku, S.E.,  Adimado, A.A. (2010). Total Mercury in 
 Fish, Sediments and Soil from the River Pra Basin, Southwestern Ghana. Bulletin 
 of Environmental   
Risher, J. 2003. Elemental mercury and inorganic mercury compounds: Human health 
 aspects. Geneva: World Health Organization.Contamination and Toxicology, 
 85(3), 324-329. 
Rutkowska, M., Dubalska, K., Bajger-Nowak, G., Konieczka, P., Namiesnik, J., 2013. 
 Organomercury Compounds in Environmental Samples: Emission Sources, 
 Toxicity, Environmental Fate, and Determination. Critical Reviews in 
 Environmental Science and Technology. 44: 6. 
Senesil, G. S., Baldassarre, G., Senesi, N., & Radina, B. (1999). Trace element inputs into 
 soils by anthropogenic activities and implications for human health. 
 Chemosphere, 39(Matter and Energy Fluxes in the Anthropocentric 
 Environment), 343-377. doi:10.1016/S00456535(99)00115-0 
Tremblay, A., Meili, M., Lucotte, M., Pichet, P., & Cloutier, L. (1996). Total mercury and 
 methylmercury contents of insects from boreal lakes: ecological, spatial and 
 temporal patterns. Water Quality Research Journal of Canada (Canadian 
 Association On Water Quality), 31(4), 851. 
Valente, R. J., Shea, C., Lynn Humes, K., and Tanner, R. L.: Atmospheric mercury in the 
 Great Smoky Mountains compared to regional and global levels, Atmos. 
 Environ.,41(9), 1861– 1873, 2007. 
Xin, M., & Gustin, M. S. (2007). Gaseous elemental mercury exchange with low mercury 
 containing soils: Investigation of controlling factors. Applied Geochemistry, 
 221451-1466. doi:10.1016/j.apgeochem.2007.02.006 
 
 
 
 
 
 
 
 59 
Appendix I: Mercury Data from Literature 
 
Data was aggregated from an extensive literature search. The focus was on collecting soil, duff, 
and air deposition data from studies where a control site was identified. The purpose of this task 
was to make comparison of mercury concentrations to global control sites in order to determine 
where an uncontaminated location such as Rockingham Co. lies.  
 
Sample 
Type 
Location of 
Sample 
Mercury 
concentration 
Source 
Soil Still Water 
Reservoir, NY 
0.305 µg/g dry 
weight 
Demers, J. D., Driscoll, C. T., Fahey, T. J., & Yavitt, J. B. (2007). 
Mercury cycling in litter and soil in in different forest types in the 
adirondack region, New York, USA. Ecological Applications, (5). 
1341. 
Sado Island, 
Japan 
0.070 µg/g dry 
weight 
Fukuzaki, N., Tamura, R., Hirano, Y., & Mizushima, Y. (1986). 
Mercury emission from a cement factory and its influence on the 
environment. Atmospheric Environment (1967), 202291-2299. 
doi:10.1016/0004-6981(86)90059-4 
North Carolina 
Island, NC 
0.030 µg/g dry 
weight 
Giulio, RTD., Ryan, EA.  (1987). Mercury in soils, sediments, and 
clams from a North Carolina peatland. Water, Air, and Soil 
Pollution, 33(1-2), 205-219. 
South West 
Ghana 
0.08 µg/g dry 
weight 
Oppong, S.O.B.,  Voegborlo , R.B.,  Agorku, S.E.,  Adimado, A.A. 
(2010). Total Mercury in Fish, Sediments and Soil from the River 
Pra Basin, Southwestern Ghana. Bulletin of Environmental 
Contamination and Toxicology, 85(3), 324-329. 
Grenoble, 
France 
0.04 µg/g dry 
weight 
Guédron, S., Grangeon, S., Jouravel, G., Charlet, L., & Sarret, G. 
(2013). Atmospheric mercury incorporation in soils of an area 
impacted by a chlor-alkali plant (Grenoble, France): Contribution 
of canopy uptake. Science Of The Total Environment, 445-
446356-364. doi:10.1016/j.scitotenv.2012.12.084 
South East 
Italy 
0.018 µg/g dry 
weight 
Senesil, G. S., Baldassarre, G., Senesi, N., & Radina, B. (1999). 
Trace element inputs into soils by anthropogenic activities and 
implications for human health. Chemosphere, 39(Matter and 
Energy Fluxes in the Anthropocentric Environment), 343-377. 
doi:10.1016/S0045-6535(99)00115-0 
Hungry Valley, 
NV 
0.030 µg/g dry 
weight 
Xin, M., & Gustin, M. S. (2007). Gaseous elemental mercury 
exchange with low mercury containing soils: Investigation of 
controlling factors. Applied Geochemistry, 221451-1466. 
doi:10.1016/j.apgeochem.2007.02.006 
Sierra, CA 0.032 µg/g dry 
weight 
Mohave 
Desert, CA 
0.012 µg/g dry 
weight 
Central, OK 0.017 µg/g dry 
weight 
Wichita, OK 0.010 µg/g dry 
weight 
Black Kettle, 
OK 
0.010 µg/g dry 
weight 
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Norman, OK 0.0420 µg/g 
dry weight 
Cherokee 
grasslands, CO 
0.0540 µg/g 
dry weight 
Midwest, WI 0.030 µg/g dry 
weight 
 
 
Sample 
Type 
Location of 
Sample 
Mercury 
concentration 
Source 
Duff Still Water 
Reservoir, NY 
.394 µg/g dry 
weight 
Demers, J. D., Driscoll, C. T., Fahey, T. J., & Yavitt, J. B. (2007). 
Mercury cycling in litter and soil in in different forest types in the 
adirondack region, New York, USA. Ecological Applications, (5). 
1341. 
Sado Island, 
Japan 
0.230 µg/g dry 
weight 
Fukuzaki, N., Tamura, R., Hirano, Y., & Mizushima, Y. (1986). 
Mercury emission from a cement factory and its influence on the 
environment. Atmospheric Environment (1967), 202291-2299. 
doi:10.1016/0004-6981(86)90059-4 
 
 
Sample 
Type 
Location of 
Sample 
Mercury 
concentration 
Source 
Air 
Deposi
tion 
Sado Island, 
Japan 
0.014 
µg/m2/day 
Fukuzaki, N., Tamura, R., Hirano, Y., & Mizushima, Y. (1986). 
Mercury emission from a cement factory and its influence on the 
environment. Atmospheric Environment (1967), 202291-2299. 
doi:10.1016/0004-6981(86)90059-4 
Taiwan 
0.020 
µg/m2/day 
Fang, G.,Yang, I., Liu, C. (2010). Estimation of Atmospheric 
Particulates and Dry Deposition Particulate-bound Mercury Hg(p) 
in Sha-Lu, Taiwan. Aerosol and Air Quality Research, 10, 403–413. 
Ahvaz, Iran 
0.021 
µg/m2/day 
Karbassi, A.R., Abbaspour, M., Sekhavatjou, M.S., Saeedi, M., 
Zeviar, F. (2008). Potential for air pollution reduction from Iranian 
oil refineries. Environmental Monitoring and Assessment, 145(1-
3),159-166. 
Reno, NV 
0.002 
µg/m2/day 
Lyman, S.N., Gustin, M.S., Prestbo, E.M., Kilner, P.I., Edgerton, E., 
Hartsell, B. (2009). Testing and application of surrogate surfaces 
for understanding potential gaseous oxidized mercury dry 
deposition. Environmental Science & Technology, 43, 6235. 
Mt. Bachelor, 
CO 0.014 
µg/m2/day 
Jaffe, D., Swartendruber, P, Weiss-Penzias, P, Kato, S., Takami, A., 
Hatakeyama, S., and Kajii, Y.: Export of Atmospheric Mercury 
from Asia, Atmos. Environ., 39, 3029–3038, 2005. 
Cheeka Peak, 
OR 0.015 
µg/m2/day 
Jaffe, D., Swartendruber, P, Weiss-Penzias, P, Kato, S., Takami, A., 
Hatakeyama, S., and Kajii, Y.: Export of Atmospheric Mercury 
from Asia, Atmos. Environ., 39, 3029–3038, 2005. 
Chesapeake 
Bay, MD 0.017 
µg/m2/day 
Laurier, F. and Mason, R.: Mercury concentration and speciation 
in the coastal and open ocean boundary layer, J. Geophys. Res. D, 
112(6), D06302, doi:10.1029/2006JD007320, 2007. 
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Look Rock, TN 
0.017 
µg/m2/day 
Valente, R. J., Shea, C., Lynn Humes, K., and Tanner, R. L.: 
Atmospheric mercury in the Great Smoky Mountains compared 
to regional and global levels, Atmos. Environ., 41(9), 1861–1873, 
2007. 
Salmon Creek 
Falls 
Reservoir, IA 0.015 
µg/m2/day 
Abbott, M., Lin, C. J., Martian, P., and Einerson, J.: Atmospheric 
Mercury Near Salmon Falls Creek Reservoir in Southern Idaho, 
Idaho Department of Environmental Quality report, INL/EXT06-
12048, 2007. 
Cove 
Mountain, TN 
0.032 
µg/m2/day 
Gabriel, M. C., Williamson, D. G., Brooks, S., and Lindberg, S.: 
Atmospheric speciation of mercury in two contrasting 
Southeastern US airsheds, Atmos. Environ., 39(27), 4947–4958, 
2005. 
Dexter, MI 
0.015 
µg/m2/day 
Landis, M. S., Lynam, M. M., and Stevens, R. K.: The monitoring 
and modelling of Hg species in support of local, regional, and 
global modelling, in: Dynamics of mercury pollution on regional 
and global scales, New York: Springer, 123–151, 2005. 
Stockton, NY 
0.018 
µg/m2/day 
Han, Y. J., Holsen, T. M., Lai, S. O., Hopke, P. K., Yi, S. M., Liu, W., 
Pagano, J., et al.: Atmospheric gaseous mercury concentrations in 
New York State: Relationships with meteorological data and other 
pollutants, Atmos. Environ., 38(37), 6431–6446, 2004. 
Pompano 
Beach, FL 0.016 
µg/m2/day 
Mason, R. P. and Sheu, G. R.: Role of the ocean in the global 
mercury cycle, Global Biochem. Cy,, 16(4), 1093, 
doi:10.1029/2001GB001440, 2002. 
Underhill, VT 
0.020 
µg/m2/day 
Burke, J., Hoyer, M., Keeler, G., and Scherbatskoy, T.: Wet 
deposition of mercury and ambient mercury concentrations at a 
site in the Lake Champlain basin, Water Air Soil Poll., 80, 353–
362, 1995. 
Stillpond, MD 
0.017 
µg/m2/day 
Mason, R. P. and Sheu, G. R.: Role of the ocean in the global 
mercury cycle, Global Biochem. Cy,, 16(4), 1093, 
doi:10.1029/2001GB001440, 2002. 
Watershed, 
TN 
0.022 
µg/m2/day 
Lindberg, S., Bullock, R., Ebinghaus, R., Engstrom, D., Feng, X. B., 
Fitzgerald, W., Pirrone, N., Prestbo, E., and Seigneur, C.: A 
synthesis of progress and uncertainties in attributing the sources 
of mercury in deposition, Ambio, 36(1), 19–32, 2007. 
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Appendix II: Site Descriptions 
Site Descriptions 
IP: Irish Path. This site is in a rural residential area. The plates, hanging air traps, 
macroinvertebrate traps, and boards were all placed in the backyard forest of a 
residential house. 
 38°29'43.2"N 78°49'32.3"W 
 
RR: Ramblewood Road. This site is located near the dump in a forested area. The plates 
and double sided hanging traps were set up in trees within a forested area. The insect 
traps were hung out within the forested area. The boards were laid in between the 
hanging traps.  
38º34.306’ N 78º50.339’ W 
 
AR: Arboretum. This site is in the very back of the James Madison University Arboretum. 
This site has a few paths crossing through the site and remains in the undisturbed region 
of the arboretum. The plates, hanging air traps, macroinvertebrate traps, and boards 
were all placed in a forested area roughly 100m from the Costco parking lot. 
38°25'40.4"N 78°51'42.0"W 
 
RC: Runion Creek. This site is located in Broadway Virginia in a rural residential area. The 
plates and double sided hanging traps were set up in trees within a forested area in a 
residential backyard roughly 250m from the closest clearing. 
38°39'30.9"N 78°52'02.8"W 
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Appendix III: Protocols 
Protocol for airborne deposition plate construction  
1. Obtain Fisher Scientific brand 100mm x 15mm polyethylene Petri plates. 
2. In a 1000 mL beaker, make a 50/50 mixture of Tangletrap® brand insect trap and 
mineral spirits. Mix thoroughly with glass stir rod. 
3. Pour 3 mL of mixture in the bottom of each plate using a Repipet brand dispenser. 
4. Spread the mixture to cover the entire surface of the plate by taping the plate at 
various angles. 
5. Leave the plates under a ventilation hood for 48 hours to let mineral spirits 
evaporate. 
6. Attach small right angle plastic tabs to side of plate using silicon caulk. 
7. Staple plates to trees at eye level in the various field locations. 
 
Protocol for Collection 
Protocol for Insect Traps (Hornet, Japanese Beetle, Fly Traps) 
1. Tie trap to hanging branch on a tree or staple to a telephone pole 
2. Check the trap for bait quality, leaks, and sample success each week. 
3. Several weeks later, collect traps in garbage bag  
4. Place in freezer for at least 48 hours. 
5. Within a week, remove bag from freezer and remove trap from garbage bag 
6. Place contents of one trap on a Pyrex sorting dish and group individual species 
7. Place in oven at 100F checking periodically on drying status 
8. Once samples are dry place in individual sterile snap cap vials and label based on site 
collected, date collected, and species type. 
 
 
Protocol for Board Collection 
1. Lay out ten boards at each site, preferably of different sizes, in an area with leaves 
2. Allow boards to remain in place for at least 48 hours 
3. Approach quietly with the Bugzooka and quickly flip the board and collect 
macroinvertebrates 
4. Store bags Bugzooka vials in the freezer for at least 48 hours. 
5. Within a week, remove Bugzooka vials from freezer and place contents on Pyrex 
sorting dish 
6. Sort individual species and place in oven at 100F checking periodically on drying 
status 
7. Once samples are dry place in individual sterile snap cap vials and label based on site 
collected, date collected, and species type. 
 
Protocol for Earthworm collection and depuration: 
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Earthworm Collection 
1. Dig for worms in moist soil with shovels. Wear gloves and avoid areas with a lot 
of rocks, clay, or tree roots.  
2. Plan for collection days early in the summer after rainfall or in the fall before the 
ground cools. Randomize the collection as much as possible. 
3. Place collected worms in a cardboard container labeled with the site and date of 
collection. Add a small amount of soil and cap the container with a pre-
punctured lid for air. 
4. Place the container of collected earthworms in a cooler of ice to prevent 
overheating during transport. Make sure that the container is on top of but not 
within the ice.  
5. Begin the depuration protocol immediately upon arrival at the lab.  
 
Earthworm Depuration 
1. Place two filter papers at the bottom of a glass petri plate and dampen with DI 
water.  
2. Keeping the samples from each site separate, gently rinse the worms with DI 
water and place in the glass petri plates. Be careful not to overcrowd each dish. 
(5-10 worms per plate) 
3. Stack all the plates form the same site and cap them with another petri plate 
labeled with the date of collection and the site from which the samples were 
collected.  
4. Let the worms sit for 24 hours then gently, using a gloved finger, move the 
worms to a clean petri plate lined with two new dampened filter papers. If any 
worms died overnight, discard them in a plastic bag and store in the freezer until 
they can be autoclaved in the future. 
5. Collect the used filter papers in a different plastic bags labeled by site. Store in 
the freezer until they can be digested and analyzed.  
6. Let the worms sit again for a minimum of 12 hours, but ideally another 24 hours, 
before packaging. There should be little to no visible soil left in the body. 
7. When ready to package, if any worms died but did not start to decompose, they 
can be packaged along with the rest of the worms. Decaying deceased worms 
should be discarded in the bag to be autoclaved.  
8. Further separate the site samples based on their morphology into either 
Lumbricus terrestris (dark red/brown) or Lumbricus rubellus (redish/pink). 
9. Gently and wearing gloves, rinse each worm with DI water then place on a paper 
towel to blot dry.  
10. Move the worms to new snap cap vial labeled with the site, the date the samples 
were collected, and the species determined based on morphotype. Place about 4 
to 8 worms in each vial. 
11. Record the blotted wet weight of the worm, using the total vial tare weight, then 
store the samples in the freezer. 
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12. After remaining in the freezer for at least 24 hours, uncover the vials, use a flat 
edge scraper to make sure no worms are stuck to the walls of the container, 
then leave in the fume hood until completely dry, approximately 24 to 48 hours.  
13. Record the dry weight of each sample using the total vial tare weight then store 
in a dry, labeled container until a digestions can be completed. 
 
IIIB. Protocol for Digestion 
 
Setting up the tubes: 
1. Turn on the digestion block. The temperature should be between 96 and 100° C. 
The lights will be lit up as the temperature rises. When the lights go out the 
temperature is dropping to the correct temperature. The lights will blink when 
the temperature stabilizes at the correct temperature. The lights will continue to 
blink throughout the time the block is in use. 
2. Rinse the digestion tubes with soap and hot water. Rinse with dilute 1.5% nitric 
acid 5 times, and then rinse with D.I. water 5 times. (When the tubes have been 
used for the air deposition plates, use mineral spirits and D.I. water before 
following these steps). 
3. Set the tubes in the rack on the lab table. 
4. Add 3 boiling chips to each tube. 
5. Using the designated spatula, add a small amount of Vanadium Pentoxide (about 
half of a pea-sized amount or about 50 mg) to each tube. Wear a mask, gloves, 
and apron during this time as Vanadium Pentoxide is highly toxic. If any is spilled, 
clean it up immediately. 
6. Label the tubes with the number of the sample. Include one blank sample. 
7. Add the sample to be digested. 
a. For soil: Measure 1.00 g of the sample and add to the digestion tube. 
b. For air plate samplers: Use a clean microscope slide to scrape the gel out 
of the plate with a pushing motion. Place the slide with the gel into the 
digestion tube. Avoid letting the gel get stuck on the sides of the tube. 
c. For hanging double sided air samplers: Carefully remove with tweezers 
the mercury filter paper and place in the bottom of the digestion tube. 
d. For macroinvertebrate: Take snap cap vial ensuring that the dry weights 
have been recorded and place entire sample in digestion tube.  
8. Add 10 ml of dilute 3% HCl to each of the digestion tubes. 
9. Under the hood, offset the digestion rack carefully so the tubes may sit in it 
without entering the digestion block. 
10. Add 10 ml of concentrated nitric acid to each tube. Place a glass funnel on top of 
each tube. (Never use the center hole in the digestion block. This is the location 
of the heating element and any spilled liquid or broken glass will damage the 
digestion block*). 
11. Carefully, lift the digestion rack and place it so the tubes are in the digestion 
block. 
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12. Allow the tubes to digest for 30 minutes. 
13. When the time is up, lift the digestion rack with the tubes and offset it so the 
tubes are not inside of the digestion block. Allow the tubes to cool for 15 
minutes. 
14. At this time, remove the funnel from the top of each tube and add 10 ml of 
concentrated sulfuric acid. Replace the funnels once the acid has been added, 
and put the tube back into the digestion rack. 
15. Once sulfuric acid has been added to all tubes, *carefully lift the digestion rack 
and place the tubes into the digestion block.  
16. Allow the tubes to sit in the digestion block for 15 minutes. 
17. Once the time is up, remove the digestion rack and offset it to allow the tubes to 
cool for 30 minutes before processing and storage.  
 
Storage of samples after the digestion: 
1. Wash and prepare 100 mL volumetric flasks with soap and hot water, nitric acid 
(5 times), and D.I. water (5 times). Prepare the storage bottles and lids in the 
same manner. 
2. Cut parafilm for each storage bottle.  
3. Make available D.I. water in a squeeze bottle. 
4. Label the storage bottles to correspond with the sample to be stored. 
5. Place the digestion tubes within reach. To begin, rinse the funnel with D.I. water 
from the squeeze bottle. The water will drain into the tube. Set the funnel aside 
to be washed later. Wash the sides of the tubes with D.I. water and pour into a 
properly prepared volumetric flask. Rinse all of the digested sample and its 
components into the flask. Bring the flask to volume with D.I. water.  
6. Cover the flask with parafilm and invert 5 times to mix.  
7. Pour the sample into storage bottle. Dry the rim of the storage bottle with a Kim 
wipe. 
8. Cover the bottle with a piece of parafilm, and screw on the lid over the parafilm. 
9. Put the storage bottles with the samples onto a tray and into the fridge to be 
analyzed another day. Store soil samples and air samplers for up to 7 days before 
analyzing allowing for more elution time of mercury.  
 
 
IIIC. Protocol for Analysis using the FIMS 
 
Making standards for analysis: 
1. Wash the Standard, 0.5 μg/l, 1.0 μg/l, and 1.5 μg/l flasks with soap and hot 
water. Rinse with dilute 1.5% nitric acid 5 times followed by deionized water 5 
times. 
2. Fill the bottom of a 100 mL flask with an inch of diluted 3% HCl solution.  
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3. Add 1.0 mL of standard Mercury using a 1000 µL pipet and three drops of 
KMnO4.  
4. Fill the remainder of the flask to volume with more diluted 3% HCl solution. Use 
a 1.0 mL pipet when to flask is almost full to ensure  
5. Parafilm the flask and invert 3 to 5 times.  
6. Label this flask the as the Standard (Std).  
7. Obtain three clean 1000 mL flasks and label  them 1.0, 2.0, and 3.0. Fill each flask 
with about an inch of diluted 3% HCl solution. 
8. Fill a 50 mL beaker with standard, then from this beaker pipet 10 mL, 20 mL, and 
30 mL of standard solution using a 10 mL pipet into the flasks labeled 1.0, 2.0, 
and 3.0 respectively. 
9. Add three drops of KMnO4 to each flask, then bring to volume with more diluted 
3% HCl solution. Use a 1.0 mL pipet when the flask is almost full to ensure 
accuracy.  
10. Cover each flask with parafilm and invert 3 to 5 times.  
11. Calibrate the FIMS to the “Higher Concentration Method Dec 2014” using the 
newly made standards. The standards can be stored in a covered and labeled 
container in the fridge for no more than 48 hours in order to be reused. 
 
Setting up the FIMS for Analysis: 
 
1. Turn on the computer, FIMS, and argon gas source. 
2. Rotate the pressure adjustment levers on the pumps until the end of the screws 
are in place at the notch on the pump magazines. 
3. Place the sample probe, dilute 3% HCl inlet tube, and SnCl2 inlet tube into a 1000 
ml beaker filled with deionized water. 
4. Double click on the AA Winlab Analyst icon on the desktop. When the FIAS 
window opens, set the first pump to 100 and the second pump to 120. Run the 
water through the pumps for 10 minutes. Stop both pumps. 
5. Place the probe into its holder on the FIMS and place a small beaker of DI water 
under the probe. Place the inlet tube with the red label into the SnCl2, and place 
the other inlet tube into 3% HCl. 
6. On the AA Winlab Analyst toolbar, click on Calibration, FIAS, Auto, and Results 
buttons. Tile the windows. 
7. Under Auto, highlight the untitled cell. When the method window opens, select 
the desired method, then click OK. 
8. On the main screen, click the MethEd button and then the FIAS tab. Set the 
prefill and fill times to 19-14-19. At this time, go to the Tools menu and select 
Diagnostics to find the energy. Write down this value. 
9. Place a black sample of 3% HCl and the 0.5 μg/l, 1.0 μg/l, and 1.5 μg/l standards 
into the slots 1-4 on tray B of the AS 90 autosampler. 
10. In the Auto window, type 1-4 in the cell under Sample Location. Click the Analyze 
tab. Click Calibrate. 
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11. If a linear calibration curve is obtained, click on Analyze Samples to run the 
standards as samples. If a good curve is not obtained, re-calibrate the blank and 
standards. 
12. Next, proceed with analysis of samples. Set them into the auto-sampler slots, 
taking note of the numbers on each slot. In the Auto window, type the slot 
numbers in the cell under Sample Location. Click the Analyze tab. Click Analyze 
Samples. 
Reagents 
 
3% HCl 
Add about 1 l of DI water to a 2.5 l bottle designated for 3% HCl. Add 60 ml of 
concentrated HCl to the bottle and leave it uncapped under the hood for about 5 
minutes. Fill the bottle to volume with DI water. Recap and store. 
 
1.5% Nitric Acid 
Add about 1 l of DI water to a 2.5 l bottle designated for 1.5% Nitric Acid. Add 30 ml of 
concentrated Nitric Acid to the bottle and leave it uncapped under the hood for about 5 
minutes. Fill the bottle to volume with DI water. Recap and store. 
 
500 ml of 1.1% SnCl2 Reductant 
To a beaker containing 500 ml of 3% HCl, add 5.5g of SnCl. Place the beaker on the 
heater/stirrer with a stirring rod. Turn the stirrer on and leave the heat off. Allow the 
solution to stir until dissolved. 
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Appendix IV: Soil Summary Data  
 
Table 1.  Site specific yearly mean [THg] (µg Hg/g), standard deviation (±), n (number of 
samples collected), and significance test results for soil samples collected from IP (Irish 
Path), RR (Ramblewood Road), AR (Arboretum), and RC (Runion’s Creek). * denotes 
significance (p<0.05) 
Location Year 
Mean 
[Hg] 
Std. 
Dev. 
T 
Statistic 
(2014 - 
2015) 
P (T<=t) 
two-tail 
(2014 - 
2015) 
T 
Statistic 
(2015 - 
2016) 
P (T<=t) 
two-tail 
(2015 - 
2016) 
N 
IP 2014 0.047 0.014  
6.4 
 
1.43E-7* 
- - 30 
IP 2015 0.064 0.005  
0.2 
 
0.84 
20 
IP 2016 0.065 0.019 - - 20 
RR 2014 0.043 0.02  
10.6 
 
3.69E-14* 
- - 34 
RR 2015 0.086 0.0087  
10.34 
 
2.50E-12* 
20 
RR 2016 0.052 0.016 - - 20 
AR 2015 0.065 0.013 - -  
8.44 
 
3.76E-10* 
20 
AR 2016 0.033 0.012 - - 20 
RC 2016 0.05 0.026 - - - - 18 
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Appendix V: Duff Summary Data  
 
 
Table 1. Site specific yearly mean [Hg] (µg Hg/g), standard deviation (±), n (number of samples 
collected), and significance test results for duff samples collected from IP (Irish Path), RR 
(Ramblewood Road), AR (Arboretum), and RC (Runion’s Creek). * denotes significance (p<0.05) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Location Year 
Mean 
[Hg] 
Std. 
Dev. 
T 
Statistic 
(2014 - 
2015) 
P (T<=t) 
two-tail 
(2014 - 
2015) 
T 
Statistic 
(2015 - 
2016) 
P (T<=t) 
two-tail 
(2015 - 
2016) 
N 
IP 2014 0.022 0.013  
1.23 
 
0.08 
- - 21 
IP 2015 0.043 0.017  
1.61 
 
0.13 
18 
IP 2016 0.079 0.015 - - 18 
RR 2014 0.023 0.014  
2.8 
 
0.12 
- - 21 
RR 2015 0.052 0.01  
7.44 
 
0.09 
21 
RR 2016 0.068 0.004 - - 19 
AR 2015 0.13 0.042 - -  
3.18 
 
0.003* 
20 
AR 2016 0.17 0.061 - - 19 
RC 2016 0.12 0.022 - - - - 20 
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Appendix VI: Mercury Air Deposition Plate Summary Data 
Table 3. Site specific yearly average THg concentration (µg/m2/day) in the air deposition 
plate data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Location Year 
Mean 
[Hg] 
Std. 
Dev. 
T 
Statistic 
(2014 - 
2015) 
P (T<=t) 
two-tail 
(2014 - 
2015) 
T 
Statistic 
(2015 - 
2016) 
P (T<=t) two-
tail (2015 - 
2016) 
N 
IP 2014 0.005 0.001  
0.14 
 
0.89 
- - 19 
IP 2015 0.0048 0.0025  
1.36 
 
0.19 
17 
IP 2016 0.0032 0.0019 - - 7 
RR 2014 0.003 0.001  
1.91 
 
0.07 
- - 20 
RR 2015 0.0045 0.0031  
3.0 
 
0.0064* 
18 
RR 2016 0.0021 0.0011 - - 13 
AR 2015 0.0074 0.0038 - -  
1.98 
 
0.0600 
20 
AR 2016 0.0042 0.0013 - - 20 
RC 2016 0.0015 0.0007 - - - - 13 
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Appendix VII Macroinvertebrate Data and Figures 
 
2014 Macroinvertebrate Data 
Scientific Name Common 
Name 
Study Site Mean Mercury 
Concentration (THg µg/g 
dry weight tissue) 
Standard 
Deviation 
N 
Popillia japonica Japanese 
Beetle 
Irish Path 0.229 0.0677 9 
Ramblewood Road 0.407 0.1157 12 
Leucauge venusta Spider Irish Path 0.363 0.1195 7 
Ramblewood Road 0.426 0.2119 3 
Camponotus 
ferrugineus 
Ant Irish Path 0.299 0.085 4 
Ramblewood Road 0.156 0.004 3 
Leiobunum 
spp./Phalangium 
opilio 
Daddy Long 
Legs 
Irish Path 0.232 0.171 4 
Ramblewood Road 0.221 0.07 3 
Euthochtha 
galeator 
Shield Beetle Irish Path 0.081 0.017 6 
Ramblewood Road 0.182 0.06 16 
Musca domestica House Fly Irish Path 0.033 0.046 25 
Ramblewood Road 0.038 0.028 33 
Tegeticula 
yuccasella 
Moth Irish Path 0.048 0.014 4 
Ramblewood Road 0.024 0.007 23 
Halyomorpha halys Stink Bugs Irish Path 0.058 0.064 18 
Ramblewood Road 0.012 0.003 3 
Vespula squamosa Hornets Irish Path 0.036 0.011 2 
Ramblewood Road 0.056 0.010 8 
Panorpa acuta Scorpion Fly Irish Path 0.054 0.015 2 
Ramblewood Road 0.060 0.039 2 
Graphocephala 
coccinea 
Leaf Bug Irish Path 0.099 0 1 
Ramblewood Road 0.008 0.004 4 
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2015 Macroinvertebrate Data 
Scientific 
Name 
Common 
Name 
Study Site Mean Mercury Concentration 
(THg µg/g dry weight tissue) 
Standard 
Deviation 
N 
Popillia 
japonica 
Japanese 
Beetle 
Irish Path 0.190 0.086 6 
Ramblewood Road 0.269 0.044 20 
Leucauge 
venusta 
Spider Irish Path 0.232 0.059 2 
Ramblewood Road 0.246 0.046 3 
JMU Arboretum 0.313 0.057 4 
Camponotus 
ferrugineus 
Ant Irish Path 0.102 0.021 2 
Ramblewood Road 0.057 0.014 3 
JMU Arboretum 0.109 0.023 2 
Phalangium 
opilio 
Daddy Long 
Legs 
Irish Path 0.008 0.014 6 
Ramblewood Road 0.074 0.012 2 
JMU Arboretum 0.131 0.031 9 
Acheta 
domesticus 
House Cricket Irish Path 0.022 0.007 4 
Ramblewood Road 0.028 0.018 2 
JMU Arboretum 0.028 0.004 2 
Musca 
domestica 
House Fly Irish Path 0.107 0.009 2 
Ramblewood Road 0.096 0.013 2 
JMU Arboretum 0.103 0.001 2 
Oiceoptoma 
subrufum 
Orange 
Carrion 
Beetle 
Irish Path 0.094 0.036 3 
Ramblewood Road 0.163 0.036 2 
JMU Arboretum 0.111 0 1 
Halyomorpha 
halys 
Stink Bugs Irish Path 0.084 0.068 22 
Ramblewood Road 0.112 0.026 3 
JMU Arboretum 0.138 0.160 16 
Nicrophorus 
tomentosus 
Gold Neck 
Carrion 
Beetle 
Irish Path 0.031 0.009 2 
Ramblewood Road 0.121 0.043 2 
JMU Arboretum 0.028 0 1 
Armadillidium 
vulgare 
Pill Bugs Irish Path 0.073 0.002 3 
Ramblewood Road 0.076 0.002 2 
JMU Arboretum 0.076 0 1 
Tegeticula 
yuccasella 
Moths Irish Path 0.179 0 1 
Ramblewood Road 0.354 0 1 
JMU Arboretum 0.308 0.048 2 
Ctenolepisma 
longicaudata 
Jumping 
Silver Fish 
Irish Path 0.254 0 1 
Ramblewood Road 0.231 0.006 2 
JMU Arboretum 0.733 0 1 
Malacosoma 
americanum 
Tent 
Caterpillar 
Irish Path 0.015 0.0055 16 
Ramblewood Road 0.010 0.0042 35 
Lumbricas 
rubellas 
Earthworm Irish Path 0.404 0.232  
Ramblewood Road 0.512 0.818  
JMU Arboretum 0.213 0.219  
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2016 Macroinvertebrate Data 
Scientific Name Common Name Study Site Mean Mercury 
Concentration (THg 
µg/g dry weight 
tissue) 
Standard 
Deviation 
N 
Micrathena 
sagittata 
Arrow-shaped 
Micrathena 
Irish Path 0.0800 0.0106 2 
Ramblewood Road 0.1495 0.0772 2 
JMU Arboretum 0.1592 0 1 
Runion’s Creek 0.2578 0 1 
Leucauge venusta Spider Irish Path 0.1402 0.1242 3 
Ramblewood Road 0.1923 0.0584 5 
JMU Arboretum 0.2468 0.1145 6 
Runion’s Creek 0.4277 0.2978 2 
Camponotus 
ferrugineus 
Ant Irish Path 0.0201 0 1 
Ramblewood Road 0.0454 0.0133 4 
JMU Arboretum 0.1099 0.0608 3 
Runion’s Creek 0.0468 0.0099 2 
Leiobunum 
spp./Phalangium 
opilio 
Daddy Long 
Legs 
Irish Path 0.0967 0.0632 3 
Ramblewood Road 0.4793 0 1 
JMU Arboretum 0.1022 0.0070 5 
Runion’s Creek 0.0698 0.0427 2 
Lumbricas 
rubellas 
Earthworms Irish Path 0.0007 0 1 
Ramblewood Road 0.0017 0.0041 2 
JMU Arboretum 0.123 0.0303 6 
Runion’s Creek 0.0124 0.0005 2 
Ceuthophilus 
hesperus 
Camel Cricket Irish Path 0.0372 0.0098 2 
Ramblewood Road 0.0305 0.0209 12 
JMU Arboretum 0.1999 0.1815 3 
Runion’s Creek 0.0539 0.0020 2 
Photinus pyralis Firefly Irish Path 0.0973 0.0045 3 
Ramblewood Road 0.0893 0.0273 7 
JMU Arboretum 0.0865 0.0110 7 
Runion’s Creek 0.0917 0.0242 4 
 
 
 
 
 
 
